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Abstract
The purpose of this investigation was to gain information 
on the dielectric relaxation processes of certain small polar 
molecules in the liquid state, near the glass transition.
In the first part of the study, dilute solutions of o- 
terphenyl, a non-polar solvent, were monitored over a range of 
frequencies from 50Hz to 50KHz and over a temperature range of 
-2 5°C to room temperature. The temperature at which maximum 
dielectric loss occurred, e''^, was found for each of these 
frequencies. This lead to a value for the corresponding rate 
of relaxation for each of the solutions studied.
In the second part of the study, identical measurements 
were taken on the same solutions, impregnated in controlled 
size glass pores. Results from these experiments were then 
compared with those from part one so as to determine the 
effect of confined spaces on the dielectric relaxation rate 
and relaxation mechanism of the o-terphenyl solutions.
ix
Dielectric Relaxation of Supercooled Organic 
Liquids Confined to Small Pores
Chapter I 
Introduction
Recent studies by Catheryn Jackson and Gregory McKenna 
have demonstrated a decrease in the glass transition 
temperature, Tgf of organic liquids confined to small pores.1'3 
These results suggested the possibility that the dielectric 
relaxation mechanism of similar supercooled liquids may 
likewise be affected by confinement in small pores.
In this study, supercooled o-terphenyl and supercooled 
dilute solutions of o-terphenyl with various nitroaromatic 
molecules were monitored in the presence of an alternating 
electric field in an attempt to become familiar with their 
dielectric relaxation mechanisms. Measurements were first 
taken in the bulk. These results were compared with previous 
data taken on similar systems by Karen Trimmer and Charles 
Wilkes.4,5 After confirmation that present data agreed with 
that of Trimmer and Wilkes, thus indicating that the 
experimental technique was satisfactory, dielectric 
measurements were taken on the same supercooled liquids 
impregnated in small pores. These data were compared with 
results from the bulk measurements so as to determine the 
effect of the small pores on the dielectric relaxation 
mechanisms of the liquids.
2
Notes for Chapter I
1. C. Jackson and G.B. McKenna, Journal of Chemical Physics, 
93. 9002 (1990).
2. C. Jackson and G.B. McKenna, Journal of Non-Crvstalline
Solids. 131. 221 (1991).
3. G.B. McKenna and C. Jackson, American Chemical Society
Polymer Preprints. 33. 118 (1992).
4. Karen Trimmer, Honors Thesis in Chemistry, The College of 
William and Mary in Virginia (1975) .
5. Charles Wilkes, Honors Thesis in Chemistry, The College of
William and Mary in Virginia (1976).
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Chapter II 
Dielectric Polarization
All atoms and molecules may be thought of as having 
a particular spatial distribution of electric charge. The 
distribution of that charge, which may also be affected by 
neighboring charge distributions, is a characteristic of the 
electronic configuration of the molecule being considered. 
The application of an external electric field will affect 
this charge distribution in a measurable way. From these 
interactions, much can be learned about the nature of a 
molecule. The examination of these interactions between 
matter and electromagnetic fields comprises the study of 
dielectric phenomena.1
Since molecules are combinations of atoms, the charge 
distribution of a molecule depends on the types of atoms 
involved as well as their spatial arrangement. Thus, although 
a molecule may consist of equal amounts of atoms bearing 
positive and negative charge, these atoms may be arranged in 
such a way as to separate the positive and negative centers of 
charge. This results in a permanent electric dipole. A 
dipole of charges +q and -q, which are separated by a distance 
d, has a dipole moment, ju, where
/i = q*d (1*1)
4
The permittivity is dependent on the polarizability of 
the material. For a non-polar molecule, polarizability arises 
from two sources, displacement of the electrons relative to 
the nucleus (electronic polarization), and displacement of the 
atomic nuclei relative to one another (atomic polarization). 
Electronic polarizability is usually the predominant of the 
two. Collectively, these two processes are referred to as 
distortion polarizations since they result from the relative 
displacements of positive and negative charges within a 
molecule. If a polar molecule is used, however, a third 
effect will contribute to the total polarization of the 
molecule. In this situation, the molecule's permanent dipole 
will attempt to align itself parallel to the incident electric 
field, in opposition to the randomizing effect of thermal 
agitation. This is referred to as the orientation 
polarization. As the temperature of the dielectric increases, 
the effects of orientation polarization tend to decrease.2
The total polarizability of a molecule, Pt, is the sum of 
the electronic, atomic, and orientation polarizations:2
Pt = Pc + Pa + P0 (1.2)
The amount of localized charge that builds in response to 
the applied electric potential is time dependent. As the 
field is changed, the charge shifts to a new equilibrium 
distribution proportional to the new electric field. The rate 
of this equilibrium change is dependent upon the rates of
5
change of the electronic, atomic, and orientation 
polarization. For Pc and Pa, this corresponds to the 
electronic and atomic vibrational modes of the molecule and is 
very rapid. The reorientation of the permanent dipoles, on 
the other hand, attains equilibrium at a much slower rate 
since they are delayed by their external environment.2
The macroscopic view of polarization may be illustrated 
by a parallel plate condenser. The two plates are separated 
by a vacuum as a potential, V, is applied perpendicular to 
them. This results in the plates acquiring opposite charges 
of +Q and -Q per unit area (Figure 1.1).2
- -Q
Figure l.l
The capacitance, which measures a condenser's ability to store 
charge, is defined:
C0 = Q/V (1.3)
The electric field strength E is related to the charge per
unit area on the plates in vacuo, aQ, by the expression:3
E = 4noQ (1.4)
When an isotropic, non-polar dielectric material is 
placed between the plates of the condenser (Figure 1.2)4, the 
electric field will cause a distortion of the symmetric charge 
distribution, and the molecule will be polarized. In the 
dielectric, the total charge passing across any unit of area 
parallel to the plates is constant and is called the
+ (Q + P) - -(Q + P)
Figure 1.2
polarization, P, of the dielectric. The capacitor can now 
hold a charge (Q+P) at an applied potential V, and the 
capacitance is now given as
C = (Q + P)/V (1.5)
The dielectric constant of the material (or, as it is 
sometimes called, the relative permittivity) indicates the
7
degree to which the material affects the magnitude of the 
electric field, and it is defined as1
e0 = C/C0 = (Q + P)/Q (1.6)
Since C is never smaller than C0, e0 is a dimensionless ratio 
equal to or greater than one. The permittivity is related to 
the total polarization and can be expressed in terms of the 
polarization P produced by an applied field E:
e0 = 1 + 477P/eE (1.7)
where e is a constant which depends on units.
With the dielectric material in place, it can be seen that
E0 = 60E (1.8)
Therefore, a decrease in the field strength results when the 
dielectric material is in the capacitor.5
The three polarization mechanisms discussed previously 
can also be expressed in terms of a molecular physical 
quantity called the polarizability, a . This quantity is 
defined as the average molecular polarized dipole moment 
induced by an electric field of unit strength. Under the 
action of the local electric field of strength F, the sum of 
the individual molecular dipole moments produces an average 
polarized dipole moment n. The local field F will be greater 
than the applied field due to the polarization of neighboring 
molecules in the surrounding medium (Figure 1.3).6 This leads
8
to an enhancement of the applied field E by the amount P/3€0.
(1.9)
For a general case, /i is proportional to F, or
M * atF (1.10)
where at is defined by:
<*t -  a e +  <*. +  <*o ( l . H )
The quantities cre, at, and a0 represent the electronic, atomic, 
and orientation contributions to the polarizability.2
If a unit volume of a material contains N molecules, then 
after polarization has occurred, the total polarized dipole 
moment per unit volume is Njx. This quantity is equal to the 
charge density P so that
P = N/x (1.12)
Figure 1.3
Thus the local field is
F = E + P/3e0
9
and substitution into equation (1.11) gives:
P = NatF (1.13)
This is the general expression for the polarization, and it 
links the macroscopically measurable relative permittivity to 
three molecular parameters: the local electric field strength 
F, the number N of molecules per unit volume, and the total 
polarizability at. Now, substitution of P into equation (1.7) 
shows the relative permittivity to be:2
e0 = 1 + (47rNatF) / (eE) (1.14)
10
Notes for Chapter II
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4. Arthur R. Von Hippie, Dielectrics and Waves. M.I.T Press, 
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5. Peter Debye, Polar Molecules , Dover Publications Inc., New 
York, N.Y. (1929)
6. Chemistry Department College of William and Mary, 
"Laboratory Manual Chemistry 392," (1991).
7. Daniels, Williams, Bender, Alberty, Cornwall, and Harriman, 
Experimental Physical Chemistry. 7th ed., McGraw-Hill 
(1970).
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Chapter III 
Dielectric Relaxation
The polarization process involves the rapid displacement 
of electrons and atomic nuclei from their equilibrium position 
with the application of an electric field. This process is 
often called distortion polarization. If the molecule in 
question possesses a permanent dipole moment, the polarization 
process also includes rotational orientation of the dipole in 
the presence of the electric field. The time that is required 
for the dipoles to align themselves in the direction of the 
applied field is a function of the frictional resistance of 
the medium.1
Polarization is also a function of frequency. As the 
electric field shifts, the orientation of the polar molecules 
must change. When the frequency of the applied electric field 
is sufficiently low, all three components of the polarization 
(atomic, electronic, and orientation) reach the values that 
they would obtain under the influence of a steady field 
(Figure 2.I)2
R andom
dipoles
O r i e n t a t i o n
sta rts
Figure 2.1
As the frequency of the field is increased, however, the 
orientation component will drop out since the dipole is not 
able to follow the quickly alternating field. Thus, only the 
electronic and atomic polarization participate at high 
frequencies and the total polarization becomes:
aT = aE + aA (2.1)
The frequency at which the orientation polarization drops out 
is a function of the size of the molecule. It ranges from 
around 100 Hz for polymers, to the order of 10l° to 1012 Hz for 
small molecules.1
Relaxation occurs when the molecule is not able to 
reorient itself and attain equilibrium in response to the 
alternating field. Thus, there is a lag in the response of 
the dielectric behavior to the change in the forces to which 
it is subjected.
In a static field, there is infinite time for the full 
polarization process to develop. At equilibrium, the 
polarization will achieve a value Ps. Upon removal of the 
electric field, the polarization decays exponentially, with a 
characteristic time, to the value it possesses in the absence 
of the field. Thus, dielectric relaxation is also defined as 
the exponential decay of the polarization in a sample that 
occurs upon the removal of a static electric field. The 
characteristic relaxation time r is defined as the time it 
takes for the polarization to decrease to 1/e of its original
13
value, Ps, in the static field.1
Debye defined dielectric relaxation as the lag in the 
dipole orientation behind an alternating electric field.3 
Under the influence of an alternating electric field, the 
polar molecules rotate as they attempt to maintain an 
equilibrium distribution with the applied field. When the 
polar molecules are very large, the frequency of the 
alternating field is very high, or the viscosity of the medium 
is very high, the molecules do not have sufficiently rapid 
rotary motion to achieve equilibrium with the field. 
Therefore, the polarization acquires a component out of phase 
with the alternating field which leads to a loss of energy in 
the form of heat.1 The polarization falls from its static 
value of Pa+Pc+PQ to Pa+Pc. The frequency region where the 
dielectric constant decreases as the orientation polarization 
falls out of phase is called the dispersion range.
j
Figure 2.2
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The dielectric relaxation of a material in a parallel 
plate condenser may be represented by an electrical circuit 
consisting of capacitances and resistances in parallel (Figure 
2 . 2)4, or the complex values of the capacitance and the
complex values of the current.
The capacitor holds a charge Q which is equal to the 
magnitude of the voltage multiplied by the capacitance Cs.
Q = CsVc (2.2)
The capacitance Cs which depends upon the geometry of the
capacitor C0 and the dielectric constant of the material is 
defined:
C3 = eC0 (2.3)
As long as the temperature is constant, the resistance Rs
is given by:
Rs = Vr/I (2.4)
The total voltage across the terminals is equal to the 
sum of the voltage across each element.
V = Vc + Vr (2.5)
Rearranging equation (2.2) leads to:
Vc = Q (2.6)
C,
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Rearranging Ohm's Law, equation (2.4):
Vr = R3I (2.7)
Substituting for Vc and Vr in equation (2.5) gives:
V = Q + R3I (2.8)
Cs
The current I is expressed as a time derivative of charge.
I = d£ (2.9)
dt
Substituting for I in equation (2.8) yields:
V = Q + R„dO (2.10)
Cs dt
Multiplying this equation through by Cs gives:
CSV= Q + c.R.dQ (2.11)
dt
Defining r=CsRs, a constant with respect to time, yields:
CSV = Q + rd£ (2.12)
dt
The applied voltage is sinusoidal with time and may be
represented by a complex quantity V*(t) and is defined by the
following expression:5
V*(t) = V0eitJt (2.13)
Here o>=27rf is the angular frequency.
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The charge Q and the capacitance C are also complex 
quantities and are related by:5
Q* (CO, t) = C*(u) V*(w,t) (2.14)
Evaluating C*(cj) using the complex values of equation (2.14)
inserted into equation (2.12) yields the following:5
CSV* = Q* + rd£ (2.15)
dt
dO* = i u C V  (2.16)
dt
C3V’ = C’V’ + ricjCV (2.17)
C* =  C3  (2.18)
1 + iojr
Multiplying equation (2.18) by its complex conjugate,
(1-icor) / (1-io)T) , gives:
C* = 1 - icor Cs (2.19)
1 + a)2r2
Substituting for C* in equation (2.14) yields:
Q* = 1 ~ ion  CSV* (2.20)
1 + o>2r2
Separating Q* into its real and imaginary parts results in:
Q’ = CSV* ( 1 - icor ) (2.21)
(1 + co2rz)
Figure 2.3 shows that Q* lags behind V*.6
The tangent of the angle 6 defined by the vector Q* and the
17
Figure 2.3
real axis is
t f T C ,,..
tan S = 1 + ojV = cjt = WC.R, (2.22)
 S t1 + ci^ r2
The dielectric loss of the material € ' 1 can be calculated 
from the dissipation factor D and the dielectric constant of 
the material e ’, (Figure 2.4).7
tan 6 ** D = e M /6' (2.23)
The dielectric constant of the material e 1 can be
calculated from the capacitance of the material Cx and the 
capacitance of an air-filled condenser C0.
€* * Cx/C0 (2.24)
18
Figure 2.4
C
It has been shown that the dielectric relaxation of a 
material in a parallel plate condenser can be represented by 
an electrical circuit consisting of capacitances and
resistances in series. The dielectric relaxation of a
material in a parallel plate condenser, however, may also be 
represented by the complex values of the capacitance and the 
complex values of the current.
Evaluating C* using complex values gives:
C* = c*C0 = (c* - i€")C0 (2.25)
Writing the vector I as a complex quantity using the steps
below shows that the vector I* has two components:
I = d£ = d V m  C, (2.26)
dt dt
E = V/d (2.27)
For a sinusoidal field:
E = Eoe^ (2.28)
V = V0e"* (2.29)
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If the field E(t) changes with time, the polarization at a 
given time P(t) will differ from the polarization in a static 
field Pa. A trend towards equilibrium implies that P(t) will 
approach Ps/ and it is assumed that the speed at which the 
system approaches equilibrium is proportional to the distance 
from equilibrium.5
dP.Lt.1 = 1 (P. - P(t) ) (2.30)
dt r
r is a constant which is independent of time but dependent on 
temperature.
The electronic and atomic polarizations respond instantly 
to a change in the field, and thus they do not exhibit a time 
dependence.
Ps = Pa + Pc + P0 (2.31)
P(t) = Pa + Pc + P0(t) (2.32)
dP(t) = dPJJU. (2.33)
dt dt
Using these equations to rewrite equation (2.30) yields:
TdPjCtl + P0(t) = P0 (2.34)
dt
The molar polarization of a solution, Pm, is given as:
Pm = (e - 1) E (2.35)
4 IT
Solving this equation for e-1 leads to the expressions for the 
static e0 and optical ew dielectric constants
£0 - 1 = (477/E) (Pe + P. + P0) (2.36)
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Coo - 1 = (47T/e) (Pe + Pa) (2 .37)
Combining equations (2.34), (2.36), and (2.37) yields:
TdPJ t ). + PG(t) = 160.- e.oolE (2.38)
dt 4 7T
A general solution of equation (2.38) in a sinusoidal field, 
assuming no polarization is5
P0*(t) = _(6g.. ---f oo)- E0eicjt (2.39)
4tt-(1 + icor)
Equation (2.36) can be rewritten for a sinusoidal electric 
field.
e'(w) - 1 = 4 ( cj , t) (2.40)
E. ( c j , t)
Subtracting equation (2.37) from (2.40) yields:
e*(cj) - = 4.TT Pp.* (co f t)_ (2.41)
E* ( c j , t)
This equation is solved for P0*(cj,t) to give:
P0*(«/t) = E;_,(cj,t) (e’(cj) - e j  (2.42)
47T
where e* is dependent on frequency, and both E* and P0* are 
dependent on time and frequency. Equating this expression 
with equation (2.39) yields:
e*(w) - e. = €0 - (2.43)
1 + icjt
21
Rearranging this equation gives the reduced dielectric 
constant:
L l M = ____ 1____  (2.44)
e0 - £«, 1 + icjt
e*( c j )  =e 1-ie '  ' can be separated into real and imaginary parts, 
resulting in the Debye equations.
e.1— - ,.e » = ____ 1_____  (2.45)
€0 ~  £ «  1  +  CJ 2 T 2
€ 1 1 = cj r (2.46)
e0 - ew 1 + cj2t 2
The constant r is the macroscopic relaxation time. Any 
substance that obeys the Debye equation will display a single 
macroscopic relaxation time.3
A widely used molecular theory which predicts a single 
macroscopic relaxation time r is the Debye rotational 
diffusion model. This model assumes that a molecule can be 
treated as a rigid sphere of radius, a, in a continuous 
viscous fluid possessing a coefficient of internal friction p. 
The microscopic relaxation time characterizing rotation of the 
molecule r* is expressed:
r' = (e„ + 2) r (2.47)
(e0 + 2)
where r'=p/2kT. The macroscopic relaxation time r of a 
material in a parallel plate condenser and, thus the molecular
22
relaxation time r ' , can be calculated from the dissipation 
factor D at a particular frequency. They may also be 
calculated from the dielectric constant e ' and the dielectric 
loss factor e'' of the material as shown by the following 
equation.
D = tan 8 = o)T = o)CsRs = e'/e'' (2.48)
Other models which involve a distribution of molecular 
relaxation times have been developed to explain experiments 
which are best interpreted in terms of a distribution of 
macroscopic times instead of a single relaxation time as 
predicted by Debye's model. These include the Perrin and 
Frolich models. Perrin developed a model for polar ellipsoid­
shaped molecules where the total dipole moment is the sum of 
the components along the principle axis. Each axis has its 
own characteristic friction constant and relaxation time.8 
Frolich developed a model which focuses on a polar molecule 
changing its direction by means of large jumps over potential 
barriers of varying heights. These potential barriers are a 
function of the arrangement of the molecule's closest 
neighbors and their dipole moments.9
The characteristic relaxation time of the distribution of 
relaxation times may be defined as:
r = 1 (2.49)
freqmflX(Hz)
23
where freq,^ is the frequency at which the dielectric loss e ' 1 
is at a maximum.
24
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Chapter IV
The Supercooled Liquid State and the Glassy State
The word glass describes a class of matter whose 
properties are determined by a state of aggregation.1 Glasses 
have properties that are characteristic of both the liquid and 
crystalline states. Some well-defined properties of glasses 
include: a lack of long range order of the constituent atoms, 
ions, or molecules and a resemblance to liquids and not to 
crystalline solids in structure. Similar to liquids, glasses 
flow under a shear stress and are isotropic. Although glasses 
display elasticity, as do crystalline solids, they do not have 
sharp melting points, nor do they cleave in preferred 
directions like crystalline solids. Therefore, glasses are a 
class of matter which combines the short-term rigidity of the 
crystalline state with the long-term fluidity of the liquid 
state.1
Since the formation of a glass is not dependent upon the 
chemical and physical properties of a substance, a glass can 
often be obtained by "quenching" a liquid. This is done by 
rapidly cooling the liquid through the crystallization 
temperature range so as not to allow crystal nucleation and 
growth.2 At a certain temperature below the freezing point of 
the liquid, the fluidity of the liquid goes to zero and the 
liquid becomes rigid. This is characteristic of the glass 
transition temperature Tg.1
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It is generally agreed that almost any liquid, if cooled 
sufficiently fast, can be made into a glass. In practice, 
however, crystallization intervenes in many substances. Glass 
formation is particularly difficult with symmetric molecules 
or with molecules possessing a low viscosity at or below the 
melting point.1
T ransfofmation 
range
V
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o
>
Melting
point
Temperature
At the glass transition, the second derivative of the 
free energy with respect to temperature and pressure of the 
glass differs from that of the liquid, even though their first 
derivatives and free energies are the same. This is 
indicative of a second-order thermodynamic transition.1 Upon 
quenching the liquid, its viscosity increases very rapidly so 
that the volume change with temperature is delayed in the 
glass transition range. As a result, a rapidly cooled liquid
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becomes glassy at a higher temperature and exhibits a lower 
density than a liquid cooled slowly from the melt state (see 
Figure 3.1).3 Therefore, the glass transition does not have 
a thermodynamic origin, because the temperature of a 
thermodynamic transition which arises from a structural change 
in the system is independent of the thermal history of the 
system.3
Below the glass transition, the liquid is unable to 
change its arrangement due to the slowness of the allowable 
molecular motion. Consequently, on cooling, there is an 
abrupt decrease in the heat capacity and the thermal 
expansivity in the liquid. Since a large proportion of the 
heat capacity of a liquid is a result of the random changes in 
the arrangement of its molecules and due to the fact that the 
time necessary for a molecular jump increases with decreasing 
temperature, the glass transition will be seen at a higher 
temperature if the liquid is rapidly cooled. Therefore, the 
glass transition is kinetic in origin.3
The glass transition temperature is defined to be the 
lowest temperature at which a liquid can exist in 
thermodynamic equilibrium. The molecular motions occurring in 
the glassy state along with the thermal expansivity and the 
heat capacity of the glass slowly increase as the frozen-in or 
configurational entropy, enthalpy, and volume decrease with 
time. Consequently, a glass is constantly tending toward a 
thermodynamic equilibrium.3
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Dielectric, mechanical spectroscopy and nuclear magnetic 
resonance methods have demonstrated that molecular relaxation 
processes occur in amorphous polymers, glasses and supercooled 
liquids. The molecular motions occurring in the state 
approaching the glass transition temperature, the supercooled 
liquid state, appear to give rise to a bimodal dispersion 
indicating the presence of two different relaxation processes, 
a low frequency a process and , a secondary, high frequency /3 
process. It has been suggested that the a process arises from 
the cooperative rearrangement of the molecules, and the j8 
process arises from the hindered rearrangement of the
molecules encaged by large regions which have been made
relatively immobile by the stringent requirement of a 
cooperative motion.4
A dielectric study of dilute solutions of small molecules 
in ortho-terphenyl in the supercooled liquid state conducted 
by Williams and Hains showed that solutes of various shapes 
and sizes all had approximately the same normalized total loss 
curves, indicating that the mechanism of relaxation for all 
the solutions is the same. They also showed that the
frequency of maximum loss at a given temperature, when 
extrapolated to infinite dilution coincided with that of the 
mildly dipolar solvent, o-terphenyl. This indicates that the 
low frequency relaxation or the a process is due to a
microbrownian mechanism in which the solute molecules move in 
cooperation with those of the solvent. The apparent
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activation energy, Qa = 2. 3R (£log fmax / <51/T)P , for the a 
process of all molecules studied, nearly coincided with the 
solvent value Qa = 260 KJ/mole, thus further emphasizing the 
cooperative nature of the a process.4
Williams and Hains concluded that the solute molecules 
act as a "probe" on the cooperative motions of the whole 
system, where the cooperative motions are mainly determined by 
motions of the solvent at these concentrations.5
The similarity of the dielectric loss curves of amorphous 
polymers with those of the small molecules in supercooled o- 
terphenyl led Johari and Goldstein to conclude that a low 
frequency (a) process may exist in certain polymers and 
copolymers. This similarity also suggests that in polymers 
the low frequency process is associated with the cooperative 
nature of the motions in the amorphous rubbery state and are 
not necessarily a chain connectivity phenomenon.6
Unfortunately, the dielectric and mechanical properties 
of amorphous polymers are not very reproducible, depending to 
a considerable extent, both on the presence of plasticizers 
and other low molecular weight materials, and on the molecular 
weight distribution in the bulk polymer. In contrast, factors 
influencing the dielectric and mechanical properties of small 
molecule glasses and supercooled liquids are more amenable to 
experimental control, thus yielding results which are more 
readily reproducible. The close correspondence in the 
dielectric and mechanical properties of amorphous polymers and
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supercooled liquids has stimulated much research on these 
systems. Knowledge gained from the dielectric studies of 
glasses and supercooled liquids may then be applied to the 
understanding of amorphous polymer systems.7
Most of the explanations of the (3 relaxation phenomenon 
in molecular glasses have been in terms of hindered internal 
modes of motion that remain active even when the molecule as 
a whole is locked in place within a glassy matrix. In 
silicate glass, for example, it has been proposed that the 
relaxation process involves hindered motions about silicon 
oxygen bonds.7
These explanations of the high frequency relaxation 
phenomenon treat the (3 process as extrinsic to the glassy 
state and due to the intramolecular motions of the molecules 
themselves. Based on Orowan's description of viscous flow, 
Johari and Goldstein suggested that secondary relaxations 
could be a universal or near universal feature of the glassy 
state.7
Orowan described viscous flow as taking place via 
localized cooperative rearrangements of molecules over 
potential barriers. These barriers were said to arise from 
the momentary rigidity of the rest of the molecular matrix. 
Thus, flow is not a single rearrangement, but only the product 
of a sequence of molecular rearrangements occurring in many 
local regions.7
Johari and Goldstein hypothesized that the packing of
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molecules in an amorphous state will be such as to give rise 
to a distribution of barrier heights. At the glass transition 
temperature, motions over the highest barriers are suppressed, 
and viscous flow can no longer occur at a detectable rate. 
The possibility of arrangements over the lower barriers, 
however, still exists, thus giving rise to secondary 
relaxations.8
Dielectric studies conducted by Johari show that the 
hindered reorientation of dipoles in liquids at low viscosity 
have about the same Arrhenius energy as the /3 process seen in 
glasses and emphasize the role of intermolecular potential 
barriers in producing relaxation characteristics.4 In other 
words, Johari and Goldstein believe that the potential 
barriers for the 0 process arise from intermolecular forces 
which result from the hindered rearrangement of some molecules 
encaged by large regions in which the requirement for a 
cooperative motion has made relatively immobile the 
orientation of the majority of molecules.48 Goldstein, 
however, concedes that the experimental facts are also capable 
of explaining the 0 process in terms of a number of 
statistically distributed regions of low density, referred to 
as "islands of mobility", existing in a primarily rigid 
matrix.8 In liquids near the glass transition temperature and 
in glasses, the potential energy field resisting the 
rearrangement of molecules in each island of mobility is 
relatively fixed. The potential energy contours in the
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different regions may vary, however, depending on such factors 
as the size, shape, and composition of each low density 
region. Moreover, the probability distribution of the energy 
difference between the levels, which corresponds to the many 
orientations that an encaged molecule may acquire, varies with 
the position of the molecule in a particular island of 
mobility. These two situations help explain the broad 
spectrum of relaxation times experimentally verified to be 
present in all glass-forming liquids.4
Dielectric studies on 1-chloronaphthalene-pyridine glass 
conducted by Johari have also shown that the strength of the 
process depends on the thermal history of the glass since 
the number of loosely packed sites in the glassy structure in 
which the molecules can reorient varies with the molar volume 
of a particular glass under isothermal conditions.4
From dielectric studies of glass-forming systems made up 
of rigid molecules, Johari and Goldstein have concluded that 
the relaxation is not due to internal hindered rotational 
degrees of freedom within the molecule. This phenomenon is 
therefore a characteristic of the glassy state arising solely 
from intermolecular forces.8
Goldstein's treatment of viscous flow in liquids resulted 
in the prediction that some molecular mobility would remain in 
the glassy state even after the glass transition had occurred. 
The mobility would be of the type that shows up in dielectric, 
mechanical, and nuclear magnetic resonance experiments. To
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test this hypothesis, Johari and Goldstein studied the 
molecular mobility in glasses formed from molecules that 
lacked internal modes of motion capable of giving rise to 
relaxation.8
Johari and Goldstein studied the dielectric relaxation 
properties of about twenty simple glass-forming molecules
including fused salt glasses, hydrocarbon liquids, alcohols,
and solutions of rigid polar molecules in a rigid nonpolar 
solvent (i.e. decalin).7
Fifteen of the nineteen systems studied indicated the 
presence of a secondary (3 relaxation below the main a 
relaxation. Considering the wide variety of systems used, 
these results demonstrated a surprising similarity in 
relaxation behavior. They found, for example, that the
relaxation behavior of alcohol molecules, which possessed
internal modes of motion, corresponded closely to that of 
rigid molecules. This would not be expected if the secondary 
relaxation were due to intramolecular modes of motion.8
Johari and Goldstein also discovered a remarkable 
similarity between the real and imaginary components of the 
dielectric permitivity (e1 and e11) in the regions of the a 
and 0 relaxation for amorphous polymers and molecular glasses. 
In particular, both molecular glasses and amorphous polymers 
show an a and (3 relaxation with Arrhenius activation energies 
between 30-100 Kcal/mole and 4-10 Kcal/mole respectively. In 
the glasses studied, the ratio of the temperatures at which
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the a and j3 loss peaks occurred, at a constant frequency of 1 
KHz, was in the range of 0.6 to 0.85. This compares closely 
to the ratio Ta/T^ = 0.75 which is the value found for most 
amorphous polymers. Also, both amorphous, polymers and 
molecular glasses indicated the presence of a ft relaxation 
whose intensity was on the order of a magnitude smaller than 
the intensity of the a relaxation peak.7
These experiments conducted by Williams and Hains and by 
Johari and Goldstein suggest that the relative occurrence of 
the a and processes varies with temperature. In liquids, 
both the cooperative and hindered molecular rearrangements 
occur. As the supercooled liquid approaches the glass 
transition temperature, the proportion of cooperative 
molecular rearrangements increases. At the glass transition 
temperature, the a process ceases to be present, and the 0 
process which is due to hindered rearrangement of the 
molecules continues to exist.9
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Chapter V 
Experimental
Materials:
Measurements of dielectric properties were made on dilute 
solutions of polar solutes dissolved in o-terphenyl, a mildly 
dipolar solvent. Most all chemicals used were available with 
sufficient purity (Table 4.1).
T a b l e  4 .1
C o m p o u n d S o u r c e P u r i f i c a t i o n  T e c h n i q u e
o - T e r p h e n y l A l d r i c h N o n e
o - N i t r o d i p h e n y l K & K  L a b s N o n e
p - N i t r o d i p h e n y l K & K  L a b s N o n e
2 , 2 ’- B i p y r i d i n e A l d r i c h N o n e
N i t r o b e n z e n e A l d r i c h S i m p l e  D i s t i l l a t i o n
Nitrobenzene was the only compound that required 
purification. About 50 mLs were purified by simple 
distillation at atmospheric pressure. The first and last 
third of the distillate was discarded and the middle third was 
recovered for use in the dielectric studies.
Original samples of o-terphenyl were recrystallized in 
methanol to increase purity. NMR analysis of these crystals, 
however indicated the presence of methanol which would have an
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adverse effect on dielectric measurements due to its strong 
dipole moment. Therefore, subsequent data were taken on o- 
terphenyl as it was received from Aldrich (99+% purity). NMR 
analysis of these samples gave no evidence of impurities.
Subsequent dielectric measurements were then taken on 
controlled pore glasses that were impregnated with the same 
dilute solutions. The controlled pore glasses used in this 
study were porous Vycor glasses which were purchased from 
Corning Glass (#7930). These glasses have narrow pore size 
distributions and an average pore diameter of SoA.1'3 The glass 
itself has a diameter of 82mm and a 1/16 inch thickness.
The surface of the controlled pore glasses was 
derivatized with hexamethyldisilazane (Aldrich) to convert the 
surface hydroxyl groups to trimethylsilyl groups. This 
treatment makes the glass more hydrophobic and promotes 
wetting by the organic solutions. Each glass was first 
cleaned by boiling in nitric acid on a steam bath for 10 
hours. The nitric acid was then decanted, and the glass was 
rinsed with copious amounts of hot (~90°C) deionized water and 
dried in an oven. The hexamethyldisilazane was then added to 
cover the surface of the glass. This surface treatment 
process was done in a closed system under nitrogen gas for a 
period of 48 hours. The hexamethyldisilazane was then 
decanted, and the glass was rinsed well with chloroform and 
dried in an oven. When not in use, the glasses were stored in 
a desiccator. This surface derivatization does not
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significantly affect the pore dimensions.1'3 
Instrumentation:
Dielectric measurements were taken over a range of 
frequencies using a GenRad 1689M Precision RLC Digibridge* in 
connection with a Balsbaugh LD-3 three terminal capacitance 
cell. The cell was lowered in temperature through connection 
to a Haake cooling system which was filled with acetone. 
Thus, the acetone was cooled and then circulated through the 
capacitance cell. Temperature data were acquired by means of 
a Keithley 199 System Digital Multimeter. These individual 
components collected data in conjunction with a Zenith Data 
Systems 3 86 computer using DekDyne software. The GenRad 
analyzer serves as the interface between the capacitance cell 
and the computer by converting the measurements into molecular 
parameters. The DekDyne Data Acquisition Software computes 
complex permittivity, e* = e f - ie", over a frequency range of 
50 Hz to 50 kHz, using values of capacitance (C) and 
conductance (G) attained at regular intervals as the run 
progresses.
Procedure:
Before any measurements were taken, the parallel plate 
capacitor was cleaned thoroughly with successive washings of
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acetone. If necessary, cotton swabs were used to clean the 
areas of the capacitor plates that were not easily accessible. 
After being cleaned, the capacitor was allowed to dry 
completely. Before the material preparation was begun, the 
acetone bath was turned on and allowed to start cooling from 
room temperature to -3 5°C.
While the bath cooled, the o-terphenyl solution was 
prepared. Approximately 14 0 grams of o-terphenyl were weighed 
into a beaker. The predetermined amount of solute was then 
weighed (usually about 3% by weight) and placed in the beaker 
with the o-terphenyl. This mixture was then heated in an oven 
at 70°C (about 10°C above the melting point of o-terphenyl).
While the mixture was melting, the dielectric data 
collection system was prepared for use. All components of the 
system were properly connected and operational, and the 
DekDyne data collection program, PPDERMS4.BAS, was loaded onto 
the computer. After entering the experimental parameters into 
the program, the air filled capacitance of the parallel plate 
capacitor was determined. This measurement was taken with the 
capaciter plates separated 1/16 inch, corresponding to the 
width of the glass samples which would be used in later tests. 
The cell plates were then fixed in this position.
The capacitor cell was disconnected from the bridge and 
two thermocouples were attached to the inner wall of the cell. 
One thermocouple was placed about 1 cm from the bottom of the 
cell and the other on the opposite side and about an inch from
40
the top of the cell. The cell was then placed in a vacuum 
oven which was preheated to 70°C. The o-terphenyl solution 
was stirred and poured into the cell. The solution was 
degassed in a vacuum oven for 60 to 90 minutes.
While still resting in the vacuum oven, the open end of 
the capacitor cell was sealed with several pieces of kapton 
tape. By this point, the acetone cooling bath was at -35°C 
and all the components of the data collection system were 
ready to be connected. The cell, filled with the o-terphenyl 
solution, was carried to the location of the run set-up. 
There was no chance for crystallization of the o-terphenyl to 
begin during the set-up stage since it had been heated several 
degrees above its melting point while in the vacuum oven. As 
rapidly as was reasonably possible (about 3 minutes), all the 
necessary system connections were made. First, the
thermocouples were plugged into the digital multimeter. Next, 
the cables leading from the GenRad Digibridge were connected 
to the capacitor cell by means of BNC connectors. After these 
two steps had been completed, it was possible to start the 
DekDyne data collection program on the computer. An inlet for 
nitrogen gas was made through the kapton tape sealing the open 
end of the cell. The nitrogen was used to evacuate the air 
from the closed cell, thus eliminating any potential problems 
that may have been caused by moisture. The gas was seeped 
into the cell throughout the run at a pressure of 
approximately 5 psi. After connecting the outlet tubing from
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the acetone bath to the cell, the capacitor was lowered into 
a box and placed on a styrofoam platform. The box was then 
filled with styrofoam packing material so as to cover the cell 
and provide insulation. The outlet tubing from the acetone 
bath was now opened so as to cool the cell and quench the o- 
terphenyl solution, thus forming a glass. In order to cool 
the cell more rapidly, about 500 mL of liquid nitrogen was 
added to the acetone bath. The system was monitored with the 
cooler running until both thermocouples read within 0.5°C of 
one another, thus indicating that the mixture in the cell had 
reached a uniform temperature distribution. After the 
thermocouples had equilibrated between -20°C and -25°C, the 
acetone bath cooler was turned off (the acetone was still 
allowed to circulate through the cell), and dielectric data 
were collected as the system approached room temperature at 
its natural rate. The program parameters were set to collect 
data for five hours.
After the run was complete, it was possible to prepare a 
similar setup, using the same o-terphenyl solution along with 
a controlled pore glass. This procedure is the same as the 
one described above with the following exceptions. The o- 
terphenyl solution was melted while still in the capacitor 
cell. The plates were then separated their maximum distance 
and a controlled pore glass was placed between them in the 
solution. The system was left in the oven for 3 0 minutes, 
then it was degassed for 1-2 hours allowing for air to be
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evacuated from the glass pores, thus allowing for greater 
absorption of the o-terphenyl solution. Before the run was 
started, the cell plates were closed so as to fit snugly 
against the glass. Since the plates were separated the same 
distance as the width of the glass in the previous run, it was 
possible to enter the same value for air filled capacitance 
into the data collection program for this run as well. All 
other procedural steps were the same as those used in the 
preparation without the controlled pore glass.
Weight and volume measurements were taken on the glass 
samples before and after being degassed in the o-terphenyl 
solutions in order to determine the extent of absorption of 
the liquid into the pores. Measurements of the "clean" glass 
lead to a determination of its density to be 1.70 g/cm3. This 
value was compared with the density of standard glass found in 
the CRC Handbook of Chemistry and Physics. 2.5 g/cm3, in order 
to determine the volume fraction of the glass occupied by the 
pores. This calculation indicated that 32% of the glass was 
occupied by pores. The weights of two different glasses taken 
after impregnation with the liquid indicated that this pore 
volume had been filled to 80% and 108%.
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Chapter VI 
Results
Johari and Goldstein studied some twenty glass-forming 
systems and suggested that the microbrownian a process is a 
general property of supercooled small molecule systems. 
Consequently, Williams et al. and Kranbuehl et al. have 
conducted dielectric studies on polar solutes, of various 
shapes and sizes, in solution with o-terphenyl.1'8 Their work 
concurred with the view that the a dispersion process is a 
universal property of the supercooled state and that it is a 
cooperative process in which the solute molecules relax with 
those of the solvent. A secondary high frequency (3 process 
was also found to be present in all systems studied. Williams 
and Hains proposed that this secondary relaxation corresponded 
to the rapid local reorientations of solute molecules which do 
not require the cooperation of the surrounding molecules.3 
The a process, however, is the only method of interest here.
Measurements of the loss and dielectric constant for a 
number of compounds in supercooled o-terphenyl were made in an 
attempt to observe the relaxation process. These results were 
then compared with measurements taken on controlled pore glass 
samples impregnated with the same solutions.
The real and imaginary parts of the complex permittivity, 
e*(iw) =c ' (w)-ie 1 ' (cj) , were measured using a Genrad 1689M 
Precision RLC Digibridge* and a Balsbaugh LD-3 three terminal
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Table 5.1
o-Terphenyl
p-Nitrobiphenyl
2 ,2 ' -B ipyrid ine
Nitrobenzene
o-Nitrobiphenyl
-1
0.91 D
capacitance cell over a frequency range of 50 to 50,000 Hz and 
a temperature range of -20°C to room temperature for a variety 
of polar nitroaromatic molecules in dilute solution with 
o-terphenyl (Table 5.1). Subsequent measurements were then 
made with the same solutions impregnated in controlled size 
glass pores.
The temperatures at which maximum loss occurred across 
the frequency range were obtained directly from the plots of 
log (e1'*^ versus time/temperature (Tables 5.2 to 5.6).
The characteristic relaxation time r is inversely 
proportional to freqmax.
T = 1 (5.1)
27Tfreqm„
Assuming the relaxation mechanism is a first order kinetics 
process, t is also inversely proportional to K, the rate
constant governing the process.
awfreq^ = 1/r = Ae'q ,RT (5.2)
where A is the pre-exponential factor and Qa is the activation 
energy required for the a process.
From plots of log freq^ versus 1/T(K) , the slope is
proportional to Qa (Figure 5.1 to 5.5 and Table 5.7).
Q« = -2.3R Slog freqmilx (5.3)
<S(1/T)
Values for the characteristic relaxation time r at a specific
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Table 5.2
O-terphenyl
PURE with 1/16" glass
freq(Hz)
T(C)
@ E"max 
DF 52093
T(C)
@ E"max 
DF72793
T(C)
@ E”max 
average
T(C)
@ E"max 
DF8493
T(C)
@ E"max 
DF8493b
T(C)
@ E”max 
average
50 -13.7 -13.6 -13.7 (+0.1) -7.4 -6.7 -7.1 (±0.4)
125 -11.5 -11.5 -11.5 (±0.0) -3.5 -3.3 -3.4 (+0.1)
250 -9.2 -9.3 -9.3 (±0.1) 1.0 1.1 1.1 (±0.1)
500 -7.7 -7.2 -7.4 (±0.3) 2.9 3.4 3.2 (±0.3)
1000 -5.4 -5.2 -5.3 (+0.1) 6.4 6.9 6.7 (±0.3)
5000 -2.7 -2.9 -2.8 (±0.1) 7.3 7.6 7.5 (±0.2)
20000 -0.5 -0.3 -0.4 (+0.1) 10.3 9.6 10.0 (±0.4)
50000 2.0 1.3 1.6 (+0.3) 12.8 12.9 12.9 (±0.1)
Table 5.3a
o-Terphenyl/3% o-Nitrodiphenyl
PURE
freq(Hz)
T(C) 
@E"max 
DF111692
7(C)
@E”max
DF12192
7(C)
@E"max
DF42893
7(C)
@E”max
DF21093
7(C)
@ E”max
DF21093
7(C)
@E"max
average
50 -14.0 -13.9 -13.6 -13.8 (±0.2)
125 -11.5 -11.8 -11.2 -11.5 (±0.2)
250 -8.8 -9.8 -9.9 -9.6 -9.5 (±0.4)
500 -7.4 -7.1 -7.6 -8.1 -8.0 -7.7 (±0.4)
1000 -5.5 -5.5 -5.9 -6.3 -5.8 (±0.3)
5000 -3.1 -2.2 -2.4 -2.0 -2.4 (±0.4)
20000 -1.6 -0.9 1.4 -0.6 -0.6 (±0.4)
50000 2.0 2.3 1.7 1.7 (±0.2)
Table 5.3b
o-Terphenyl/3% o-Nitrodiphenyl
IN CONTROLLED PORE GLASS
freq
T(C)
@E"max
DF41493
T(C)
@E"max
DF5393a
T(C)
@E”max
DF4993
T(C)
@ E”max
average
50 -8.2 -7.7 -8.4 -8.1 (±0.3)
125 -6.2 -6.0 -6.0 -6.0 (±0.1)
250 -4.0 -3.9 -3.8 -3.9 (±0.1)
500 -3.4 -2.9 -3.1 -3.1 (±0.2)
1000 0.0 0.0 0.0 0.0 (±0.0)
5000 4.3 2.5 5.0 3.9 (±1.0)
20000 9.7 9.5 9.6 9.6 (±0.1)
50000 11.1 11.7 12.0 11.6 (±0.4)
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T a b le  5 .4
o-Terphenyl/3% p-Nitrodiphenyl
PURE (n  CONTROLLED PORE GLASS
T (C) T(C) T(C) T(C) T(C) T(C) T(C)
@E”max @E"max @E"max @E”max @E”max @E"max @E”max
freq (Hz) DF51393 DF61593 average DF51493 DF51793 DF51893 average
50 -11.6 -11.3 -11.4 (±0.2) -8.7 -8.9 -8.8 (±0.1)
125 -9.3 -9.6 -9.5 (±0.2) -6.4 -5.3 -5.0 -5.5 (±0.6)
250 -7.5 -7.7 -7.6 (±0.1) -3.8 -3.7 -3.9 -3.8 (±0.1)
500 -6.7 -6.2 -6.4 (±0.3) -2.8 -3.0 -3.1 -3.0 (±0.1)
1000 -5.7 -5.3 -5.5 (±0.2) 0.8 0.9 0.8 0.9 (±0.0)
5000 -1.1 -1.2 -1.2 (±0.1) 3.5 4.0 4.3 3.9 (±0.3)
20000 3.1 2.6 2.9 (±0.3) 7.4 7.4 7.9 7.5 (±0.2)
50000 5.2 4.8 5.0 (±0.2) 9.3 9.6 9.4 (±0.2)
Table 5.5
o-Terphenyl/1% Nitrobenzene
PURE IIN CONTROLLED PORE GLASS
freq (Hz)
T(C)
@E”max
DF7793
T(C)
@E”max
DF7993
T(C)
@E’’max
DF71293
T(C)
@ E”max
average
T(C)
@E”max
DF71493
T(C) 
@E”max 
DF71593
T(C)
@E”max
average
50 -14.2 -14.0 -14.4 -14.2 (±0.2) -8.4 -8.0 -8.2 (±0.2)
125 -13.2 -13.2 -12.8 -13.1 (±0.2) -5.3 -5.2 -5.3 (±0.1)
250 -11.8 -11.2 -11.4 -11.5 (±0.2) -1.3 -1.5 -1.4 (±0.1)
500 -10.1 -10.2 -10.3 -10.2 (±0.1) -0.8 ? 2 -0.3 (±0.5)
1000 -8.5 -8.5 -8.3 -8.4 (±0.1) 3.7 3.6 3.7 (±0.1)
5000 -5.0 -4.5 -4.6 -4.7 (±0.2) 6.1 5.7 5.9 (±0.2)
20000 -1.2 -1.2 -1.2 (±0.0) 8.7 8.6 8.7 (±0.1)
50000 0.4 0.5 0.5 (±0.1) 11.1 10.7 10.9 (±0.2)
Table 5.6
o-Terphenyl/10% 2,2’ Bipyridyl
PURE IN CONTROLLED PORE GLASS
freq (Hz)
T(C)
@E”max
DF52693
T(Q
@E”max
DF61793
T(C)
@E”max
average
T(C)
@E”max
DF62193
T(C) 
@E” max 
DF62293
T(C)
@E”max
DF63093
T(C)
@E”max
DF7193
T(C)
@E”max
average
50 -20.1 -20.1 -20.1 (±0.0) -5.5 -7.0 -6.2 -6.3 -6.3 (±0.5)
125 -17.5 -17.5 -17.5 (±0.0) -4.6 -4.2 -4.2 -4.7 -4.4 (±0.2)
250 -14.6 -14.2 -14.4 (±0.2) -0.2 -0.4 -1.0 1.0 -0.2 (±0.4)
500 -12.9 -13.3 -13.1 (±0.2) 1.7 2.0 2.1 2.5 2.1 (±0.3)
1000 -12.0 -12.1 -12.1 (±0.1) 4.4 5.2 4.7 4.5 4.7 (±0.3)
5000 -8.6 -9.1 -8.8 (±0.3) 10.3 10.3 10.4 11.2 10.6 (±0.4)
20000 -5.3 -5.6 -5.4 (±0.2) 16.1 16.5 17.1 17.2 16.7 (±0.4)
50000 -2.6 -2.9 -2.8 (±0.2) 22.0 21.4 21.4 21.6 (±0.3)
49
o-
Te
rp
he
ny
l
cn
O)
CO
CO
00
o
o
o
CO
CO
in
co
co
co
COinin
co
in
cvi
in co
<D
Ut
&
W)
(ZH)xbuj bej| ©on
50
o-
Te
rp
he
ny
l/3
%
 
o-
Ni
tro
dl
ph
en
yl
CO
CD
CO CD
CO
CO
CO
O
O
o
CO
CO
iq
CO
CO
CO
COinCMin
co
coinin
CM
cs
wS
<DVh
P
£
(z h ) xbui bejj 9 0 1
51
oT
er
ph
en
yl/
3%
 
p-
Ni
tro
di
ph
en
yl
O)
CO
CO
CO
CO
in CMinin COin
m  
in 
<Dt-i
3
CU)
^  E
CO CM
(z h )xbiju bej^ 6o“|
52
o-
Te
rp
he
ny
l/1
%
 
N
itr
ob
en
ze
ne
C»
O)
CO
CO
CO
CO
CO
to
CO
CO
CO
COCO ID
c\i
CM IOin in
co
( z H ) x e u i b a j * o o i
53
(1
/T
(K
))*
10
00
 
Fig
ur
e 
5.
4
o-
Te
rp
he
ny
l/1
0%
 
2,
2’ 
Bi
py
rid
in
e CD
CO
CO
CO
o
o
o
CO
in
co
CO
CO
COin
co
CM ininco
vn
<D 
3
_ * ^
^  ft
(z h ) xbuj beoj o o i
54
Table 5.7 slope (K) Q (KJ/mole)
o-Terphenyl
: 40c^O4i : '':
-1.14E +  04 218in glass
3% o-Nitrodiphenyl
-1.11E+04 212in glass*
3% p-Nitrodiphenyl
-1.22E+04 233
;
in glass
1% Nitrobenzene
-1.17E+04 224
l! ! l
in glass
10% 2,2’ Dipyridine
-8.40E+03
i
l l i i i i i i l : !
161
i--------------
in glass
temperature can be obtained from the same plots (Table 5.8).
The plot of log freq^ versus 1/T(K) reveals that all of 
the nitroaromatics studied, except 2,21-bipyridine, relax at 
approximately the same rate as the o-terphenyl when in 
solution without the controlled pore glasses. This emphasizes 
the role of the cooperative motion of the solvent molecules in 
governing the rate of relaxation. These results in bulk agree 
well with the observations of Trimmer and Wilkes. An 
approximate 10% difference in values could likely be explained
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by the lower solution concentrations used in their research.7,8
The slopes of the plots of log freq^ versus 1/T(K) for 
all of the solutes except 2,21-bipyridine nearly coincide with 
the solvent value. 2,2'-bipyridine is able to relax at a 
faster rate than the other solutes due to its ability to 
rotate on an axis in the presence of a time dependent electric 
field. Thus, it is much less hindered by the solvent cage 
than are the other nitroaromatics which must move in a back- 
and-forth motion in the electric field. The 2,2' bipyridine 
will be able to relax in a manner that is independent of the 
process displayed by the o-terphenyl solvent. The research of 
Trimmer and Wilkes displayed this trend as well although not 
to the same degree. They used a 2% solution of 2,2'- 
bipyridine as opposed to 10% used here. Thus their data would 
be shifted and more closely represent the o-terphenyl solvent. 
As seen in Karen Trimmer's Honors Thesis, a decrease in the 
proportion of 2,2'-bipyridine with respect to that of the o- 
terphenyl, will result in the relaxation time of the 2,2'- 
bipyridine in solution with o-terphenyl approaching the 
relaxation time of o-terphenyl.7 The other solute molecules, 
however, are strongly linked to the o-terphenyl and will relax 
in exactly the same manner.
The activation energies for the a process of these other 
nitroaromatics at a given temperature, nearly coincide with 
the o-terphenyl value, thus indicating that the a process 
arises from the cooperative rearrangement of the molecules.
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Therefore, the solute molecules move at a rate that is defined 
by the motion of the solvent in which they are encaged. 
Factors such as size, shape, symmetry, or magnitude of dipole 
moment are negligible in determining this rate.
The characteristic relaxation time r for these solutions, 
at a specific temperature, may also be obtained from the plot 
of log freq^ versus 1/T(K), (Table 5.8). These data reveal 
that the nitroaromatics studied have relaxation times of 
approximately the same magnitude as the o-terphenyl, with 
2,21-bipyridine displaying a significantly faster relaxation 
time.
Table 5.8
CHARACTERISTIC RELAXATION TIMES AT QC 
SOLUTION
log freq max freq max tau (msec)
o-Terphenyl 4.27 18600 8.60E-03
o-Nitrodiphenyl 4.25 17800 8.90E-03
p-Nitrodiphenyl 3.86 7240 2.20E-02
Nitrobenzene 4.59 38900 4.10E-03
2,2’ Dipyridine 5.14 138000 1.20E-03
IN CONTROLLED
PORES
log freq max freq max tau (msec
o-Terphenyl 2.58 380 0.42
o-Nitrodiphenyl 3.03 1072 0.15
p-Nitrodiphenyl 3.09 1230 0.13
Nitrobenzene 2.83 676 0.24
2,2* Dipyridine 2.49 309 0.52
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Similar plots of log freqmax versus 1/T(K) were made for 
the o-terphenyl solutions in the presence of controlled pore 
glass samples (Figure 5.1 to 5.5). These plots indicated a 
change in slope and consequently a change in the activation 
energy required for the a process as compared to the results 
of the experiments on the pure solutions discussed above. As 
seen in Table 5.7, the reduction in slope corresponds with 
the reduction of the activation energy for the a process. 
Except for the 2,21-bipyridine, these values are once again 
approximately the same. Since the relaxation process is 
controlled by the relaxation of the o-terphenyl solvent, as 
mentioned above, a change in the process for all the solutions 
must be a direct result of a change in the behavior of the o- 
terphenyl. Thus, a decrease in the slope of log freq^ versus 
1/T(K) for all the systems must indicate a decrease in the 
rate of relaxation of the o-terphenyl solvent cage which is 
governing the relaxation process for the solvent molecules. 
This rate decrease of the o-terphenyl may be explained by 
viewing the glass pore that surrounds the solvent as behaving 
like a fixed cage. Thus, motion of the o-terphenyl in an 
electric field is now restricted due to the walls of the glass 
pore. This limiting of the o-terphenyl movement, will 
consequently restrict the movement of the solute molecules, 
which are essentially in a cage within a cage. The fact that 
the activation energies required for the a process of the 
nitroaromatic solutions coincide with that of the o-terphenyl
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solvent, further substantiates the idea that the a process 
arises from cooperative rearrangement of the solute molecules 
with the solvent cage. Thus, these molecules are directly 
linked to the o-terphenyl solvent's rate of relaxation. 2,2'- 
bibyridine, although it displays a reduced rate of relaxation 
as well, does not relax at the same rate as the o-terphenyl. 
The 2,2 '-bibyridine may be affected to some extent by the 
close packing of the molecules in the small pores, however, it 
still displays behavior, that is for the most part, 
independent of that displayed by the neighboring o-terphenyl 
molecules. Thus 2,2'bipyridine retains its independent modes 
of relaxation in the confined space, in contrast to the other 
solute molecules which are still directly linked to the 
relaxation process of the o-terphenyl.
The characteristic relaxation times r are seen to 
increase when the solution is in the controlled pore (Table 
5.8). With the exception of the 2,2 '-bipyridine, all the 
solutions exhibit approximately the same value. In the glass, 
the 2,2'-bipyridine exhibits a slower relaxation time than the 
other nitroaromatics which have approximately the same 
relaxation time as o-terphenyl. This once again shows that 
the 2,2'-bipyridine is capable of relaxing in a method that is 
independent of that of the o-terphenyl solvent. Due to the 
more compact packing of the molecules in the glass pores, 
however, the 2,21-bipyridine may be influenced by the o- 
terphenyl to some extent, but it still is able to relax in a
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manner that is essentially free from the effect of neighboring 
o-terphenyl molecules which surround it.
From the plots of log (e1 1 *u) versus time/temperature and 
the plots of log freq^ versus 1/T(K), a shift is seen in the 
temperatures that correspond with the maximum dielectric loss 
at a specific frequency in the pure solution compared to the 
temperatures associated with the solutions in controlled 
pores. This shift to higher temperatures is a direct result 
of the surrounding glass pore inhibiting the relaxation 
process of the o-terphenyl solution. Thus, due to the 
trapped-in effect caused by the small pores, the system must 
be taken to a higher temperature or higher frequency in order 
to observe the same behavior displayed by the pure solution 
without the glass being present.
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Chapter VII 
Conclusions
This investigation gave further insight into the 
relaxation mechanism for nitroaromatic molecules in 
supercooled solution with o-terphenyl.
The relaxation rate of all the nitroaromatics studied, 
except 2,2'-bipyridine, coincided directly with the relaxation 
rate of o-terphenyl. These molecules were "trapped" into 
cooperative relaxation with the o-terphenyl solvent which 
encaged them. The 2,2'-bipyridine, however, possessed 
independent modes of relaxation, and was therefore not forced 
to cooperate with the o-terphenyl.
Similar results were seen for the solutions impregnated 
in controlled size glass pores. Although the rates of 
relaxation were slowed in order to comply with the confinement 
in a small volume, once again, all relaxation rates, except 
2,2 *-bipyridine, coincided with that of the pure o-terphenyl 
solvent. Thus, the relaxation rate for the o-terphenyl was 
slowed by the surrounding pores, and its confinement resulted 
in limiting the values for the solute molecules which were 
directly linked to the behavior of the o-terphenyl.
The 2,2'-bipyridine was still able to display independent 
modes of relaxation. In the controlled pore size glass, 
however, the 2,21-bipyridine also displayed a reduction in 
rate of relaxation. This reduction did not match that of the
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other molecules, but it may indicate a small dependence on the 
relaxation of the surrounding o-terphenyl cage which was not 
present in the pure solution.
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APPENDIX
Plots of log (e,#o>) versus Time (minutes) for all systems 
studied:
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